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Fan-beam coherent-sciatter covapabBd tomogt^y 



Hie present invention relates to the field of coherent-meatier conqnited tomogr^hy 
(CSCT), where a fen-beam is appUedto an object of interest In particular, the present 
inventionrel^ to adataprocessingdevicefiwperformingarectms^ 
data, to a CSCT iparatus for examination of an object of intraest, to amefhod of 
10 performing a reconstruction CSCT date and to a computer program fi*r a data processor 
for performing a reconstruction of CSCT data. 



US 4,751,722 describes a device based on the principle of registration of an angled 
distnT)utim of cohfflcent scattered radiation within angles of 1° to 12° as related to the 

15 direction of flie beam. As set forth in the US 4,751,722, the main fiaction of elastic 
scattered radiation is concentrated within angles of less than 12«, and the scattered 
ladiationhas a d»aiacteristic angle dependency with wen maricedmaxi^ 
of which are determmedlqr flie eradiated substance itself As the distribution of the 
intensity of the coherenfly scattered radiation in small angles dq?ends on molecular 

20 stnicture of flie substance, different substances having equal absorption c^adly (which 
cannot be difieientiated with conventional transillumination or CT) canbe distingiiidied 
according to the distribution of the intensity of the angled scattering of coherent 
radiation typical for each substance. 

25 Due to fti improved c^abiUtiM of such systems to distinguish different object 

materials, such systems find more and more ^Hcation in medical or industrial fields. 

The dominant component of low-angle scatter is coherent scatter. Because coherent 
scatter exhflrits interference effects which dq»end on the atomic arrangement of the 
30 scattering san5»le, coherent-scatter computed tomogr^hy (CSCT) is inprincq»le a 
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se nsitive technique for imagjng sp atial variations in the molecular structure of tissues 
across a 2D object section. 

Harding et al. '*Energy-dispersive x-ray diffraction tomography*' Phys. Med Biol., 
5 1990, VoL 35, No. 1, 33-41 describes an energy dispersive x-ray diffraction tomogr^h 
(BXDT) which is a tomographic imaging technique based on an energy analysis at fKed 
angle, of coherent x-ray scatter excited in an object by polychromatic radiation. 
According to this method, a radiaticm beam is created by the use of suitable q>erture 
systems, which has the form of apencil and thus is also referred to as apencil beam. 
10 Opposite to the pencil beam source, one detector element suitable for an energy analysis 
is arranged fer detecting the pencil beam altered by ihe object of interest 



A coherent scatter set-up qjplying a &i-beam primary beam and a 2D detector in 
combination with CT was described in US 6,470,067 BL The shortcoming of the angle- 

15 dispersive set-up in combination with a polychromatic source are blurred scatter 
functions, which is described in e.g. Sdmeider et al. "Coherent Scatter Confuted 
Tomography Applying a Fan-Beam Geometry" Proc. SPIE , 2001, Vol. 4320 754-763. 
To become a competitive modality in the fields of medical in:iaging or non-destructive 
. testing, the inorplemented reconstruction algorithm should assure both good image 

20 quality and short reconstruction times. 

So &r, the projection data acqiured with fan-beam CSCT is reconstracted with the help 
for example, algebraic reconstruction techniques (ART), since ART has been shown to 
be highly versatile, for example, by J. A Grant et al. "A reconstruction strategy suited 
25 to x-ray diffraction tomogr^hy*' J.Qpt Soc. Am A12, 291-300 (1995). However, due to 
the computational complexity of such iterative reconstruction, such metiiods require a 
relatively long reconstraction time. 

It is an object of the present invention to provide for a fast reconstmction of tomography 
30 data. 
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According to an exemplarjrembodiment of the present invention as set forth in claim 1^ 
the above object may be solved with a data processing device for performing a 
reconstruction of CSCT data, wherein the CSCT data con^rises a spectrum acquired by 
means of an energy resolving detector element. The data processing device ccmipnses a 
5 memory for storing the CSCT data and a data processor for performing the filtered 
back-projection. The data processor is adapted to determine a wave-vector transfer by 
using the spectrum and to determine a reconstruction volume. Furthermore, according to 
an aspect of this exemplary embodiment, geometry information may be used to 
determine the reconstruction volume. A dimension of the reconstraclion volume is 
10 determined by the wave-vector transfer. Hence, for exaniple, one dimension of the 

reconstruction volume may be determined by the wave-vector transfer. The wave-vector 

transfer represent cu rved lines in tiie reconstruction volume. The data proc ^sor is 

furthermore ad^ted to perform a filtered back-projection along the curved lines in the 
reccmstruction volume. 

15 

In the data processing device according to this exen^lary embodiment of the present 
invention, a filtered back-projection is performed for CSCT data, conqxrising a spectrum 
acquired by means of an energy resolving detector element Thus, a very precise and - 
fast reconstruction of the CSCT data may be performed. In case the reconstructed data 
20 is represented in the form of imagra, the data processing device according to this 
exenqplacy embodiment of the present invention may allow for an improved image 
quality while keeping the reconstruction time relatively short Furthermore, a precise 
reconstruction may be provided. 

25 According to another exemplary embodiment of the present invention as set forth in 
claim 2, the spectrum data is acquired during a circiilar acquisition, where a source of 
radiation is rotated around an object of interest Thus, for exan^le, a CSCT scanner 
maybe used for acquiring the data. 



30 



According to another exenq)lary embodiment of the present invention as set forth in 
claim 3, the two further dimensions (s9artfix>m the first dimensdon, which is determined 
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by the wave-vector transfer) are determi ned by two linear independent vectore of the 
rotation plane of flie source of radiation. In other words, the two fiirther dimensions of 
the reconstraction volume are, fiw example, determined by coordinates relating to 
positions of the radiation source. 

5 

According to another exemplary emibodiment of the present invention as set finth in 
claim 4, a preprocessing is performed to compensate fiw an attenuation craitribution. 
This may allow for inqiroved reconstruction. 

10 According to another exemplary embodiment of the present invention as set forth in 
claim 5, a CSCT apparatus is provided for examination of an object of interest The 
CSCr apparatus according to this exemplary emb odimen t of the presMit invention 
comprises a detector unit with an x-ray source and a scatter radiation detector. The 
detector unit is rotatable around a rotational axis extending through an examination area 

15 for receiving the object of interest. The x-ray source generates a fen-sh^ed x-ray beam 
ad^>ted to penetrate the object of interest in the examination area in a slice plane. The 
scatter radiation detector is arranged at the detector unit opposite the x-ray source with 
an of&et with respect to the slice plane in a direction parallel to the rotational axis. The 
scatter radiation detector includes a first detector line with a phnaUly of first detector 

20 elements arranged in a line. The plurality offirst detector elements are either energy 
resolving detector elemaocts or integrating (non-energy resolving) detector elements. 
Furthermore, there is provided a data processor for performmg a filtered back-projection 
on first read-outs of the scatter radiation detector, wherein tiie data processor is ad^vted 
to detennine a wave-vector transfer by using the first read-outs. Ftartiietmore, the data 

25 processor is adapted to determine a reconstruction volume. A dimension of the 

reconstraction volume is determined by the wave-vector transfer. Furfhermore, the 
wave-vector transfer represents curved lines in the reconstruction volume. Furthermore, 
tiie data processor is ad^ted to perform a filtered back-projection along the curved lines 
in the reconstruction volume. 



30 
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Advantageously, according to this ex enaplaty embodiment of Hie pre sgtit invention, a 
CSCT apparatus may be provided, allowing for an in^nroved image quality of the 
reconstructed images, while allowing for a reduced reconstruction time. 

Fur&er exemplary embodiments of the CSCT apparatus are provided in claims 6 and 7. 

According to another exemplary embodiment of the present invention as set forth in 
claim 8, a method of performing a reconstruction of CSCT data is provided, wherein 
the CSCT data comprises a spectrum acquired by means of an ener;^ resolving detector 
element. According to this method, a wave-vector transfer is determined by using the 
spectrum. Then, a reconstruction volume is determined. A dimension of the 
reconsftruction volume is determined by the wa ve-vector tra nsfer. Tliejvrave^^ 
transfer represents curved lines in the reconstruction volume. According to an aspect of 
this exemplary embodiment of the preset invention, the filtered back-projection is 
performed along the curved line in the reconstruction volume. 

Advantageously, this method may allow for a reduction of the reconstmction time. 
Furthermore, this method may allow for an exact reconstruction o:^ for example, CSCT 
data. 

Further exemplary embodiments of the method according to the present invention are 
provided in claims 9 to 12. 

According to another exemplary embodiment of the present invention as set forth in 
claim 13, a computer program for a data processor for performing a filtered back- 
projection of CSCT data is provided. The computer program according to the prraent 
invention is preferably loaded into a working memory of the data processor. The data 
processor is thus equipped to carry out the melhod of the invention. The con^uter 
program may be stored on a con5)Uter readable medium, such as a CD-Rom. The 
con^uter program may also be presented over a network such as the Worldwide Web, 
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a»d can be down-loaded into Ihe working memoiy of a dat a processor fiom such a 
network. 

It may be seen as the gist of an exemplary embodiment of the present invention that a 
filtered back-prqjectiQn is performed along curved lines, which deals with data acquired 
by eneigy-iesolving detector lines. The dependence of the scattered photons on the 
wave-vector transfer is calculated fiom the energy dependence. The data is mteiprefed 
as uxtegrals along the curved Imes in the reconstruction space, such as the x-y-q space. 
According to an aspect of the pr^ent invention, the result is a 3-D data set, yielding the 
spatially resolved scatter function of one illuminated object slice. The present invention 
may, fi>r example, be appUed in medical imaging or material analysis, for example, in 
baggage iMpection^ AdvsmtagTO a very fest image reconstruction may be^ 
performed, for example, m CSCT, where just one row of energy resohdng detector 
elements is used. 

These and other aspects of tiie present invention will beccnne parent fiom and 
elucidated with reference to the embodiments described heremafter. 

Exen^lary embodiments of Ihe present mvention will be described in the following, 
with reference to the fellowing drawings: 

Fig. 1 shows a schematic representation of an exemplary embodiment of a CSCT 
scanner according to the present invention. 

Fig. 2 shows a schematic representation of the geometry of the CSCT scanner of Fig. 1 
for the measurement of coherent scatter radiation. 



Fig. 3 shows another schematic representation of the geometry of the CSCT scanner of 
Fig.l. 
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- Fig. 4 shows another sche matic representation of the measurement geometry of the 
CSCT scanner of Fig. 1 for further explaining the present invention. 

Fig. S shows a schCToatic representation of a side view of the geometry of the CSCT 
5 scanner of Fig. 1. 

Fig. 6 shows a sin^lified schematic representation of a possible scanner geometry for 
performing a iBltered back-projection of CSCT data according to the present invention. 

10 Fig. 7 shows a relation between a position in the object of interest and the wave-vector 
transfer for various energies for ftirther explaining the present invention. 



Fig. 8 shows a siirplified schematic representation of an exen^lary embodiment of a 
data processing device according to the present invention. 

15 

Fig. 1 shows an exemtplary embodiment of CSCT scanner according to the present 
invention. With reference to this exCTOplaiy embodiment the present invention will be 
described for the qsplication in baggage inspection to detect hazardous materials such as . 
e^losives in items of baggage. However, it has to be noted that tiie present invention is 
20 not limited to qsplications in the field of baggage inspection, but can also be used in 
other industrial or medical applications, such as fiir example in bone imaging or a 
discrimmation of tissue types in medical applications. 

The scanner depicted in Fig. 1 is a ^-beam CSCT scanner, which allows in 
25 combination with an energy-resolving detector and with tomographic reconstruction a 
good spectral resolution, even with a polychromatic primary £m-beam. The CSCT 
scanner depicted in Fig. 1 conqprises a gantry 1 , which is rotatable around a rotational 
axis 2. The gantry 1 is driven by means of a motor 3. Reference character 4 designates a 
source of radiation, such as an x-ray source, which, according to and aspect of the 
30 present invention, emits a polychromatic radiation. 
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Reference character 5 designates a first aperture sys tem^ which forms t he radiation 
beam emitted from the radiation source 4 to a cone shaped radiation beam 6. 
Furthermore, there is provided another ^erture system 9 consisting of a diaphragm or a 
slit collimator. The ^erture system 9 has the form of a slit 10, such that the radiation 
S emitted fiom the source ofradiation 4 is formed into a £an-beam 11. According toa 
valiant of this exemplary embodiment of the present inventicm, the first sqperture system 
5 may also be omitted and only the second ^erture 9 may be provided. 

The &n-beam 1 1 is directed such that it penetrates the item of baggage 7, arranged in 
10 the center of the gantcy 1, i.e. in an examination region of the CSCT scanner and 

impinges onto Hxe detector 8. As may be taken fiom Fig. 1 , the detector 8 is arranged on 
the gantry 1 opposite to t he radi ation source 4, such that the slice plane of the fan-beam 
1 1 intersects a row or line 15 of the detector 8. The detector 8 depicted in Fig. 1 has 
seven detector Unes, ^ch comprising a plurality of detector elements. As mentioned 
IS above, the detector 8 is arranged such that the primary radiation detector 15, i.e. the 
middle line of the detector 8 is in the slice plane of the fan-beam 11. 

As can be taken fiom Fig. 1, the detector 8 comprises two types of radiation detector 
. lines: a first type of det^:tor lines 30 and 34, which are indicated without h^ 

20 Fig. 1, which are detector lines consisting of energy resolving detector cells. According 
to an aspect of the present invention, these first detector elements (hues 30 and 34) are 
energy-resolving detector elements. Preferably, Ihe energy resolving detector elements 
are direct-converting semiconductor detectors. Direct-converting semiconductor 
detectors directly convert the radiation into electrical charges — without scintillation. 

25 Preferably, these direct-converting semiconductor detectors have an energy resolution 
better than 10 % FWHM, i.e. AE/E< 0.1, with AE being tihie fiill-width at half maximum 
(FWHM) of the energy resolution of the detector. 

Such detector cells of lines 30 and 34 may be cadmiumtelluride or CdZnTe (CZT) 
30 based detector cells, which are both outside of the slice plane of Ihe fan-beam 1 1. In 

other words, both energy resolving lines 30 and 34 are arranged at the gantry 1 opposite 
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to flie x-iay sou rce 4 with an offeet from the slic e plane in a direction pa rallel to the ■ 
rotational axis 2. The detector line 30 is arranged \vith a positive ofifeet with respect to 
Ifae direction of the rotational axis 2 depicted in Fig. 1, whereas the line 34 is arranged 
with a n^ative oflfeet ftom the slice plane with respect to the diiection of the rotational 
axis 2 depicted in Fig. 1. 

The detector lines 30 and 34 are ansmged at tibe gantry 1 such that they are parallel to 
the slice plane and out of the slice plane with an ofifeet in a positive or negative direction 
of the rotational axis 2 of the gantry 1 , such that they receive or measure a scatter 
radiation scattered ftom the item of baggage 7 in the examination area of the CSCT 
scanner. Thus, in the following, lines 30 and 34 will also be referred to as scatter 

radiation detector. It has to be noted that instead of the provision of two en^gy^ 

resolviQg lines 30 and 34, it may also be efficient to provide only one line which 

includes energy resolving detector elements, such as, for example, only the line 30. 
Ftatiieimore, instead of providing only two enecgy r^olving lines 30 an 34, it is also 
possible to provide three, four or an even greater number of energy resolving lines. 
Thus, il^ in the following the term ^'scatter radiation detector'' is used, it includes any 
detector with at least one line.of energy resolving detector cells, which is arranged out 
of tiie fen plane of the fen-beam 1 1, such that it receives photons scattered fiom the item 
of luggage 7. 

Hie second type of detector lines provided on the detector 8, which are indicated by a 
hatching, are scintillator ceUs. In particular, line 15 is arranged such tiiat it is in the slice 
plane of the fen-beam 1 1 and measures the attenuation of the radiation emitted by the 
source of radiation 4, c^ed by the item of baggage 7 in the examination area. As 
depicted in Fig. 1, right and left of the line 15, there may be provided further detector 
lines including scintillator detector cells. 

As already indicated with respect to the energy resolving lines 30 and 34, where tiie 
provision of only one energy resolving line 30 or 34 is sufficient^ the provision of only 
the line 15 measuring the attenuation caused by the item of baggage 7 of the primary 
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beam of the fa n-beam 1 1 in the slice pl ane is sufficient However, as in the case of the 
energy resolving lines 30 and 34, a provision of a plurality of detector lines 32, each 
comprising a plurality of scintillator cells, may further iaciease the measurement ^eed 
of the CSCT scanner. In the following, the term "primaty radiation detector" wiU be 
5 used to refer to a detector, including at least one line of scintillator or similar detector 
cells fijr measuring an attenuation of the primary radiation of the fen-beam 1 1 . 

As may be taken fiom Fig. 1, the detector cells of the detector 8 are arranged in lines 
and columns, wherein the columns are parallel to the rotational axis 2, whereas the lines 
10 are arranged in planes perpendicular to the rotational axis 2 and paraUel to the sKce 
plane of die fen-beam 11. 



The apertures of the aperture systems 5 and 9 are ad^ted to the dimensions of the 
detector 8 such that the scanned area of the item of baggage 7 is within the fen-beam 1 1 
and that the detector 8 covers the complete scanning area. Advantageously, this allows 
to avoid unnecessary excess radiation ^lied to the item of baggage 7. During a scan oi 
the item of baggage 7, die radiation source 4, the ^jerture systems S and 9 and the 
detector 8 are rotated along the gantry 1 in the direction indicated with arrow 16. For 
rotation of Ifae gantryl with the source of radiation 4, the ^erture systems 5^d 9 and 
the detector 15, the motor 3 is connected to a motor control unit 17, which is connected 
to a calculation unit 18. 



In Fig. 1, the item of baggage 7 is disposed on a conveyor belt 19. During the scan of 
Ihe item of baggage 7, whfle the gantry 1 rotates around the item of baggage 7, the 
conveyor belt 19 displaces the item of baggage 7 along a direction parallel to the 
rotational axis 2 of the gantry 1. By this, the item of baggage 7 is scanned along a 
heKcal scan path. The conveyor belt 19 can also be stopped during the scans to thereby 
measure single slices. 

The detector 8 is connected to a calculation unit 1 8. The calculation unit 18 receives Ifae 
detection results, ie. the readouts fiom the detector elements of the detector 8 and 
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determines a scaoning result on the ba sis of the scanning results from th e detector 8, i.e. 

ftom the energy resolving lines 30 and 34 and the lines 1 5 and 32 for measuring the 
attenuation of the primary radiation of the £m-beam 1 1 . In addition to that, the 
calculation unit 1 8 communicates with the motor control unit 1 7 in order to coordinate 
5 the movement of the gantry 1 with the motors 3 and 20 or with tilie conveyor belt 19. 

The calculation unit 18 is adapted fbr reconstructing an image fiom readouts of the 
priinary radiation detector, ie. detector lines 15 and 32 and the scatter radiation 

detector, ie. lines 30 and 34. The image generatssdby calculation unit 18 maybe 
10 ou^ut to a display (not shown in Fig. 1) via an interface 22. 

The calcvdation unit, which inay be realized by a data proces sor, may be a^ted to 
perform a filtered back-projection on the read-outs firom the detector element of the 
detector 8, i.e. fi»m the read-outs fi:om the energy resolving lines 30 and 34 and tiie 
15 lines 15 and 32 for measuring the attenuation of the primary radiation of tiie £fin-beam 
11. The badc-projection performed in the calculation unit 18, which forms part of the 
iinage reconstruction win be described in furflier detail with reference to Fig. 7. 

Furthermore, the calculation unit 1 8 may be adapted fat fbe detection of explosives in 
20 tiie item of bagga^ 7 on the basis of the readouts of the lines 30 and 34 and 15 and 32. 
This can be made automatically by reconstructing scatter functions fimm the readouts of 
these detector lines and comparing them to tables including characteristic measurement 
values of e3q>losives determined during preceding measurements. In case tiie calculation 
unit 18 determines that the measurement values read out firom the detector 8 matoh with 
25 characteristic measurement values of an explosive, the calculation xinit 18 automatically 
ou^uts an alarm via a loudspeaker 21. 

During the subsequent description of Figs. 2 to 7, the same reference numbers as used in 
Fig. 1 will be used for the same or corresponding elements. 
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Fig. 2 shows a simplified schematic lepresentaticm of a geometry of the CSC T scanning 
system depicted in Fig. 1 . As may be taken fiom Fig. 2, the x-ray source 4 emits the 
fen-beam 1 1 such that it includes the item of baggage 7 in this case having a diameter of 
u and covers the entire detector 8. The diameter of flie object region may, for example, 
5 be 100 cm. In this case, an angle a ofthe fen-beam 11 may be 80 ".Bi such an 

arrangement, a distance v fixMn the x-ray source 4 to the center of the object region is 
approximately 80 cm and the distance of the detector 8, ie. of the individual detector 
cells fiom the x-my source 4 is approximately w = 150 cm. 

10 As can be taken fiom Fig. 2, according to an aspect of the present invention, the 

detector cells or lines can be provided with collimators 40 to avoid that the cells or lines 
mCTSure unwanted radiation having a different scatter angle^^e^collimators 40 haye 
the form of blad^ or lamellae, which can be focused towards the source. The spacing of 
the lamellae can be chosen independently fiom the spacing of the detector elements. 

15 

Instead of a bent detector 8 as depicted in Figs. 1 and 2, it is also possible to use a flat 
detector array. 

Fig. 3 shows another schematic representation of a detector geometry as used in the 
20 CSCT scanner of Fig. 1 . As already described with reference to Fig. 1, the detector 8 
m^ comprise one, two or more energy resolving detector lines 30 and 34 and a 
pluraKty of lines 15 and 32 fiw measuring the attenuation of tiie primary fen-beam 
caused by the item of baggage 7. As may be taken fix>m Fig. 3, preferably tiie detector 8 
is arranged such that one line of the lines 15 and 32, preferably the middle line 15 of the 
25 detector 8, is witbdn the slice plane of the fen-beam 1 1 and thereby measures the 

attenuation in tiie primary radiation. As indicated by arrow 42, the x-ray source 4 and 
the detector 8 are rotated together around the item of baggs^ to acquire projections 
fiom different angles. 

30 As depicted in Fig. 3, the detector 8 comprises a plurality of columns t. 
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Fig, 4 shows another schematic repies eiitation of the geom etry of the CSCT scanner 
depicted in Fig. 1 for furflier e^laining the present invention. In Fig. 4, a detector 46 is 
depicted, comprising only one line 15 and only one line 30. The line 15 is arranged in 
the slice plane of the fen-beam 11 formed by the ^erture system 9, which in this case is 
5 a slit collimator and generated by means of the source of radiation or x-ray source 4. 
The line 15 -coroprises, for example, sdntillator ceUs or other suitable cells for 
measuring the attenuation of the primary beam of the fen-beam 1 1 and allows for an 
integral measurement of the attenuation of the primaiy fen-beam caused by the object of 
interest in the object region or examination region. 

10 

Line 30 depicted in Fig. 4 includra energy resolving cells. As may be taken from Fig. 4, 
the line 30 is arranged parallel to the sl ice plane of the fen-beam 11 but out o f the plane^. 
In other words, the line 30 is arranged in a plane parallel to the slice plane and parallel 
to the line 15. 
15 

Reference numeral 44 mdicates a scatter radiation, i.e, aphoton scattered by the object 
of interest, such as the item of baggage- As may be taken from Fig. 4, the scatter 
radiation leaves thcslice plane and impinges onto a detector cell of the line 30. 

20 Fig. 5 shows a side view of the detector geometry of the CSCT scanner of Fig. 1 . Fig. 5 
can also be contemplated as showing a side view of Fig. 4, where, however, instead 
only the provision of one line 30 and one line 15, in Fig. 5, there is provided a plurality 
of detector lines 32 between the line 30 and the line 1 5, The detector element Di of the 
line 30 is an energy resolving detector element The detector element Diis arranged with 

25 a fixed distance a from tiie slice plane of the primary fen-beam. According to an aspect 
of the present invention, for each detector element Di of the column t and for each 
projection O (see Fig. 3) a sp6Ctrum/(£, O) is measured. Performing this 
measurement for a plurality of projections * along a circular or helical scan path, a 
three-dimensional dataset is acquired. Each object pixel is described by three 

30 coordinate (x, q). Thus, according to an aspect of the present invention, for 
reconstracting an image or for reconstructmg fiirther information from the three- 
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dimensional data set, a 3D -> 3D leconstruction m ethod can be used such as the one 
described in DE 10252662.1, which is hereby incorporated by reference. 



On the basis of the spatial coordinates (jc, y), a distance d of each object voxel Si to the 
detector 8 is calculated by means of the calculation unit 1 8. Then, the calculation unit 
1 8 calculates a scatter angle ® for each object voxel Si and spaces of the following 
equation: 



10 



0 = alan(a/<?) (Equation 1). 

Then, on the basis of this calculation, the calculation unit 1 8 calculates the wave-vector 
transfer parameter q on the basis of the following equation: 



q= A sin(0 /2) 
he 



( Equation 2), 



15 wherein h is the Planck's constant, c is the speed of Ught and^ the photon energy. 

Then, on the basis of the wave-vector transfer parameter q calculated in accordance with 

the above formulas and on the basis of the readouts of tiie primary radiation detector 
(for attenuation correction) and the scattered radiation data, the calculation unit 18 may 

20 determme an image or may discrinimate the material mflie object slice. 

Fig. 6 shows the geometry of the scanner of Fig. 1 to better illustrate the scattering 
process. As may be taken from Fig. 6, tiie scattering process takes place at a scatter 
center, such that the scatter radiation 44 is scattered out of the x-y plane of the fen- 
25 beaml 1 . The cylinder 47 symbolizes tiie object around which the source of radiation 4 
rotates. 
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In the following, tiie filtered back-projection according to an exemplary embodiment of 
the present invention, which, as indicated above, may be performed m tiie calculation 
unit 18 or in tiie dataprocessmg device depicted in Fig. 8, is described m further detaiL 



IS- 



IS 



For a dispersion with small angles, i.e. angles between 0° and approximately 5° 

sin (0/ 2) maybe s^proximatedby 0 / 2. Due to this, the Equation 2 may be written 

as follows: 



... (Equations).- - 

he 2 



As may be taken, for example, flrom Fig. 6, flie dispersion an^e maybe detemuned on 
10 the basis of the distance d fixim the scatter cCTter to the detector and the distance a of 
the respective detector element or line to the scanning plane or &n-beam plane. Hence, 
Equation 3 may be written as follows: 



tan® » © = — (Equation 4). 

d 



A combination of Equations 3 and 4 gives 



g^—— (Equations). 
^ held 



20 Equation 5 describes curved lines such as hyperbolas in the x-y-q space, which, in the 
following, is referred to as reconstruction volume. Then, according to an aspect of the 
present invention, tiie ffltered back-projection is performed along t^^ 
other corresponding curved lines. 

25 In other words, as described above, a wave-vector transfer q is detemuned by using the 
spectrum E. Then, a reconstraction volume is determined. 



PHDE030349 EPP 

-16- 



Accordingto an aspect of the present in vention, the reconstruction vo lume is 
determined by the coordinates x aady in flie rotation plane of the radiation source or in 
the fen-beam plane. The dimensions xandy may be represented by vectors. Piefeiably, 
these vectors are linear and independent vectors. 

The thhd dimension of the reconstruction volume is determined by the wave-vector 
transfer g itself tiius forming the x-y-q reconstruction vohime. As sho\im by Equation 5, 
the wave-vector transfer represents curved lines such as hyperbolas m tiie reconstruction 
volume. Then, according to the present invention, the filtered back-projection is 
performed along the curved lines in the reconstruction volume. 

_ :.According to an aspect of the present invention, jhe filtering may be performed as 
described, for example, by Kak et al. in "Principles of Computerized Tomogr^Mc 
Imaging" (IEEE, New York, 1988), which is hereby incorporated by reference. 

Before the filtered back-projection described with Equations 1 to 5, i.e. befere 
reconstruction, apreprocessmg step of the scatter projection data may be performed in 
order to condensate for the attenuation contribution. In the following, the variables a 
and p denote the angular source position in relation to the x axis and the fen-angle 
wifliin the fen-beam of x-rays. Furthermore, /b is the distance fix«n the x-iay source to 
the scatter center. 

The factor A(a,fi,0,l(^ accounts for the attenuation of the incoming radiation along the 
path from the source to the pomt of interaction jc, . The factor B(a,fi,a,lQ) is the 
analogous attenuation for the outgoing radiation. According to an aspect of the present 
invention, an assumption is made, namely that the attenuation along the path of fee 
scattered radiation is mdependent of tiie scattering angle and equal to fee attenuation of 
fee residual primary beam B(a,fi.a,lQ) = B(a,fi,0,l(). 

This holds trae for small scatter angles, i,e. scatter angles in tiie ^proximate range of 0* 
to 5°. Also, this holds true for ideal spatial resolution and not too strong variations of 
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the attenuation along the z direction. For an att enuation conection^ the transmitted 



intensiti^ /Ami* and the detector elranents of the central plane (i.e. the primary radiation 
detector; detector line 15), in case of a simple transmission CT, are tal^ into account: 

5 WaAftAj) = HooM)Mfi,?.OM X B(a.p,O.WkT(a,fi.O) 

with the intensity Jo of the incoming radiation and a constant geometrical effidem^ 
^a,fi,0) = A/G'. Here G sad A denote the distance fixim the x-ray source to the &cus- 
centeied detector and the area of a single detector element, respectively. 

10 

This leads to flie scatter projection data PD(a.p,a) as vofuxt for the reconstruction 

_ alt rorithin acc ording to \L.ym Stevendaal et al., "A rec onstruction algorithm for 

coher^t scatter CQm^iuted tomogn^hy based on filtered back-projection" (Med. Phys. 
30, 9, September 2003), 
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j" ^*»«(«.AO)^o 



with flieoveiaU efficiency ^(fx,fi,a,h)= E^ia,fi,a,l^)/Ecr{fx,fiSi)ot 



where 4fl(a,p,a,/o) is the geometrical efficiency &ctor fM an off-plane detector element 

Advantageously, Ihe projection data of coherenfly scattered x-rays may not be corrected 
concerning the attenuation contribution. Furihermore, an overall efficiency is introduced 
25 in order to weigjbit the projection data mote accurately. 



Fig. 7 shows a relation between a position in flie object (here a distance fixMn the center 
of rotation "CoR") and the wave-vector transfer fax various energies. The distance a is 
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20 mm and the distance between CoR and the center of the det ector is approximately 
500 mm. As may be taken fiom Fig. 8, in case a radiation is detected in the range ftom 
20 to 1 60 keV, llien, for an object having a diameter of 400 mm, a con^lete dataset m^ 
be obtained for a wave-vector transfer of 0.5 to 1.8 nrn'^ lii particular in the case of 
material discrimination, this range is advantageous, since most of the stnictmes used for 
material identifications are in this range. 

Fig. 8 shows an exemplary embodiment of a data processing device fijr performing a 
filtered back-projection of CSCT data, for exatnple, in the same manner as described 
with reference to Fig. 6 and also the pieprocessmg described above. As may be taken 
ftom Fig. 8, a central processing unit (CPU) or image processor 1 is connected to a 
memory 2 for storing the CSCT data, which may be acquired by a CSCT s canne r such 
as the one depicted in Fig. 1 . The image or data processor may be connected to a 
plurality of input^ou^ut networic or diagnosis devices such as an MR device. The 
data processor 1 is furthermore connected to a display 4 (for example, to a conq>uter 

-m^toi;)j5rjdispJlayjngjutfotmationj^^ 

processor 1. An operator may interact with the data processor 1, via a keyboard 5 and/or 
other output devices, which are not depicted in Fig. 1 . 

As indicated above, the data processor is adapted for performing the filtered back- 
piqjection, involving a determination of the wave-vector by using the spectrum 
determined by energy resolving detector elements of a CT scanner. Then, a 
reconstruction volume is determined, where one dimension of the reconstraction 
votame is determined by the wave-vector transfer and the remaining two dimensions 
may be determined by the position coordinates in the fen-beam plane or the rotation 
plane of a source of radiation of the CT scanner. As indicated in Equation 5 above, tiie 
wave-vector tansfer may be inteipreted as curved lines, such as hyperbolas, in the 
reconstruction volume. Then, tiie filtered back-projection is performed along tiie curved 
lines in tiie reconstruction volume. 
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Advantage ously, flie present inventi on allows for a very fast reconstruction. In case - , 
images aie leoonstiucted fiom the CSCT data, the images may have an m^ved 
quality. As mentioned above, it may be sufficient to provide only one row of energy 
resolving detector elements. However, wilh more than one row of energy detector 
elements, a broader spectrum of q values may be acquired and the scanning time may be 
reduced. 
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CLAIMS ; 



1 . Data processing device for perfonning a reconstructioB of CSCT data, 
wherein the CSCT data courses a spectrum acquired by means of an energy resolving 
detector element, the data procession device comprising: 

a memory for storing the CSCT data; and 

a data processor for performing a filtered back-projection, wherein the data 
processor is adapted to pCTform the following operation: 

determining a wave-vector transfer by using the spectrum; 

determining a reconstmct ion volume; _ . 

wherein a dimension of the reconstmction volume is determined by the wave- 
vector transfer; 

wherem the wave vector transfer represents curved lines in the reconstmction 
volume; and 

performing a filtered back-projection along the curved lines in the reconstruction 
volume. 

2. The data processing device of claim 1, 

wherdn the spectrum is acquired during a circular acquisition where a source of 
radiation is rotated around an object of interest in a rotation plane. 

3 . The data processing device of claim 2, 

wherein the reconstmction volume is forfhermore determined by two linear 
independent vectors of the rotation plane. 

4. The data processing device of claim 1, 

wherein the energy resolving detector is arran^ such that it measures a scatter 
radiation scattered by an object of interest; 
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wherein the CSC T data further comprise s infonnatian with respect to a p rimary 
radiation attenuated by the object of interest; and 

wherein a preproc^smg is pexformed to correct fiw an attenuation CQntribution. 
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5. A CSCT apparatus for examination ofan object ofinteresf^ the CSCT 
apparatus comprising: 

a detector unit with an x-ray source and a scatter radiation detector; 

wherein Ihe detector unit is rotatable around a rotational axis extending through 
an examination area for receiving the object of interest 

wherem the x-ray source generates a fen-sh^ed x-ray beam ad^ted to penetrate 
tile object of interest in tiie examination area in a slice plane; 

the scatter radiation detector is arranged at&e detector unit opposite to 

the x-ray source witii an of6et with respect to the sUce plane in a direction parallel to 
the rotational axis; 

wherein the scatter radiation detector includes a first detector line with a 
.£duralityj^f.j6rstdetectoiLelements.aicanged^ 



wherem the plurality of jBrst detector elements are energy-resolvmg detector 
elements; 

a data processor for performing a filtered back-projection on first readouts of the 
scatter radiation detector, wherem tiie data processor is ad^ted to perform tilie 
following operation: 

determining a wave-vector transfer by using the first readmits; 

determining a reconstruction volume; 

wherein a dimension of the reconstruction volume is determined by the wave- 
vector transfer; 

wherein the wave-vector transfer represents curved Imes in the reconstruction 
volume; and 

performing a filtered back-projection along the curved lines in the reconstruction 
volume. 
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- 6. The CSCT apparatus according t o claim 5, wherein the scatter radiation 

detector is arranged at the detector unit opposite to the x-ray source parallel to the slice 
plane and out of flie slice plane with such an ofBset along the rotational axis such that 
the scatter radiation detector is arranged for receiving a scatter radiation scattered fixmi 
5 tiie object of interest, and wherem the CSCT apparatus further coxoprises: 
a primary radiation detector; 

wherein the primary radiation detector is arranged at the detector unit opposite to 
the x-ray source in the slice plane for receiving a primary radiation attenuated by the 
object of interest; and 

10 wherein the data processor performs a preprocessing to correct for an attenuation 

contribution by using second readouts of the primary radiation detector. 

7. The CSCT apparatus according to claim 5, 

wherein the reconstruction volume is furthermore determined by two linear 
15 independrat vectors of the rotation plane and a wave-vector transfer dimension. 

8. Method of performing a reconstruction of CSCT data, wherein the 
CSCT data coniprises a spectrum acquired by means of an energy resolving detector 
element, the method conqprising the steps of: 

20 deterinining a wave-vector transfer by using the spectruin; 

determining a reconstruction volume; 

wherein a dimension of the reconstruction volume is determined by the wave- 
vector transfer; 

wherein the wave-vector transfer represents curved lines in the reconstruction 
25 volume; and 

performing a filtered back-projection along the curved lines in the reconstruction 
volume. 

9. The method of claim 8, 

30 wherein the spectrum is acquired during a circular acquisition where a source of 

radiation is rotated around an object of interest in a rotation plane. 
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10. The method of claim 9, 

wherein the reconstruction volume is fiirthermoie determined by two linear 
independrat vectors of the rotation plane. 

5 

1 1. The method of claim 8, 

wherem the energy resolving detector is arranged such that it measures a scatter 
radiation scattered by an object of interest; 

wherein the CSCT data fiirther comprises information with respect to a primary 
10 radiation attenuated by the object of interest; and 

wherem a preprocessing is performed to correct for an attenuation contribution. 



12, The method of claim 8, further comprising the steps of: 

energizmg an x-ray source such that it generates a fan-sh^ed x- 
15 ray beam which penetmtes the object of interest in an examination area in a slice plane; 
I^ ormingan int egraLeneia^^measurementQf^scatter-radiation-by-mean&t)^ 



scatter radiation detector with a first detector line with a plurality of first energy- 
resolving detector elements arranged in a line; 

reading-out the energy measurement &om the scatter radiation detector; 
20 rotating the x-ray source and the scatter radiation detector around a rotational 

axis extending through an examination area containing the object of interest. 

13. Computer program fi>r a data processor for performing a reconstruction 
of CSCT data, wherein the CSCT data comprises a sfpectrum acquired by means of an 
25 energy resolviog detector element, wherein the computer program causes the data 
processor to perform the following operation: 

determining a wave-vector transfer by using the spectrum; 
determining a reconstraction volume; 

wherein a dimension of the reconstmction volume is determined by the wave- 
30 vector transfer; 
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wherein the wave-v ectar transfer iq)re sen curved lines in Ihe reconstruction - 
volume; and 

perfotming a filtered back-projection along the curved lines in the reconstruction 
volume. 

5 
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ABSTRACT 

Fan-beam coherent-scatter computed tomogr^hy 

5 Aiec(mstnjcli<mofdatafemCSCTdalausua]tyrequTO 

Accorduig to flie present invention, a filtered back-projection of CSCT data, wherein Uie 
CSCT data conqntises a spectnim acquiiedby means of an energy resolving detector 
element is provided, wherein tite fiHered back-projection is performed along curved 
lines represented by the wave-vector transfer in the reconstruction vohime. 

10 Advantageously, a reconstruction time may be reduced, ^^e allowing fax a good 
image quality. 

(Fig. 1) 
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